ABSTRACT FRAP1 (FK506-binding protein 12-rapamycin complex-associated protein 1), a component of the nutrient-sensing cell signaling pathway, is critical for cell growth and metabolism. The present study determined expression of FRAP1 and associated members of the mTORC1 and mTORC2 cell signaling pathways in uteri of cyclic and pregnant ewes and conceptuses, as well as effects of pregnancy, progesterone (P4), and interferon tau (IFNT) on their expression. The mRNAs for FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, TSC2, RHEB, and EI-F4EBP1 were localized to luminal, superficial glandular, and glandular epithelia and stromal cells of uteri from cyclic and pregnant ewes, as well as trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy. The abundance of FRAP1, RAPTOR, RICTOR, TSC1, and TSC2 mRNAs in endometria was unaffected by pregnancy status or by day of the estrous cycle or pregnancy; however, levels of LST8, MAPKAP1, RHEB, and EIF4EBP1 mRNA increased in endometria during early pregnancy. In ovariectomized ewes, P4 and IFNT stimulated expression of RHEB and EIF4EBP1 in uterine endometria. Total endometrial FRAP1 protein and phosphorylated FRAP1 protein levels were affected by pregnancy status and by day after onset of estrus, and phosphorylated FRAP1 protein was detected in nuclei of uterine epithelia and conceptuses. In endometria of pregnant ewes, increases in abundance of mRNAs for RICTOR, RHEB, and EIF4EBP1, as well as RHEB protein, correlated with rapid conceptus growth and development during the peri-implantation period. These results suggest that the FRAP1 cell signaling pathway mediates interactions between the maternal uterus and peri-implantation conceptuses and that P4 and IFNT affect this pathway by regulating expression of RHEB and EIF4EBP1.
INTRODUCTION
FRAP1 (FK506-binding protein 12-rapamycin complexassociated protein 1; formerly known as mTOR, RAFT, and RAPT) is a highly conserved serine/threonine protein kinase that senses and responds to changes in amino acid levels and energy, as well as hormones and mitogens [1] [2] [3] , and has a critical role in cell metabolism and growth. As shown in Figure  1 , FRAP1 and associated proteins comprise two structurally and functionally distinct complexes, mTORC1 and mTORC2 [3] [4] [5] . The mTORC1 complex consists of the FRAP1 catalytic subunit RAPTOR (regulatory-associated protein of TOR) and LST8 (also known as G protein b subunit-like), while mTORC2 consists of the FRAP1 catalytic unit RICTOR (rapamycin-insensitive companion of mTOR), MAPKAP1 (mitogen-activated protein kinase-associated protein 1), and LST8. The FRAP1-associated proteins seem to determine the specificity of the two different cell signaling pathways [6] [7] [8] [9] mediated by mTOR complexes, associated regulators, and effectors.
FRAP1 and associated members of the mTORC1 and mTORC2 cell signaling pathways are likely critical for growth and development of the conceptus, as well as implantation. Disruption of FRAP1 blocks functioning of mTORC1 and mTORC2 and results in postimplantation lethality of blastocysts due to impaired cell proliferation and hypertrophy in the embryonic disc and in the trophoblast [10] [11] [12] . FRAP1 may also affect conceptus growth by regulating translation of proteins in the uterus, including insulin-like growth factor 2, ornithine decarboxylase 1, and nitric oxide synthases [13] [14] [15] . In addition, FRAP1 promotes translation of the ''polypyrimidine tract'' mRNA family [16] that is critical to fetal and placental development [17] [18] [19] , as well as development, differentiation, and motility of the trophoblast [13, 20, 21] . Emerging evidence indicates that the mTOR cell signaling pathways regulate expression of the glucose transporters SLC2A1 [22, 23] and SLC2A12 [24] and of the amino acid transporters SLC1A5 (neutral amino acid transporter) [25, 26] and SLC7A5 (previously known as L-type amino acid transporter 1) [26, 27] .
There is substantial synthesis and secretion of histotroph (enzymes, growth factors, cytokines, lymphokines, hormones, transport proteins, nutrients, and other substances) by uterine glandular epithelia (GE) during pregnancy [28, 29] . In addition, a marked increase in endometrial protein synthesis occurs in response to the conceptus or conceptus-derived pregnancy recognition signals [30] . Therefore, the mTOR cell signaling complexes likely regulate conceptus development during the peri-implantation period, particularly in species with an epitheliochorial or synepitheliochorial type of placentation characterized by a rapid elongation of conceptus trophectoderm and a protracted period of implantation [31] . Sheep Elongation of ovine conceptuses is a prerequisite for central implantation and for production of interferon tau (IFNT), the pregnancy recognition signal in ruminants [28] [29] [30] [31] . Available evidence indicates that there are unequivocal roles for secretions of endometrial glands and for selective transport of nutrients from the maternal circulation into the uterine lumen for survival, development, production of pregnancy recognition signals, implantation, and placentation by the conceptus [32, 33] .
The present study was conducted to test the hypothesis that FRAP1 and associated members of the mTOR cell signaling complexes are expressed in ovine uteri and conceptuses and that their expression in the ovine uterine endometria is regulated by progesterone (P4) and IFNT during the periimplantation period of pregnancy. As a first step in evaluating this hypothesis, experiments were conducted to determine the following: 1) temporal and cell-specific changes in expression of FRAP1, LST8, RAPTOR, RICTOR, MAPKAP1, TSC1, TSC2, RHEB, and EIF4EBP1 in uteri of cyclic and pregnant ewes and in conceptuses and 2) regulation of their cell-specific expression by P4 or IFNT in the pregnant uterus.
MATERIALS AND METHODS

Animals
Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of vasectomized rams and were used in experiments after they had exhibited at least two estrous cycles of normal duration (16-18 days Experimental Design Experiment 1. Ewes were assigned randomly on Day 0 (estrus/mating): 1) to cyclic status and were mated only to vasectomized rams or 2) to pregnant status and were mated to intact rams when detected in estrus and at 12-h intervals thereafter until the end of estrus. Ewes were hysterectomized (n ¼ 5 ewes/day) on Day 10, 12, 14, or 16 of the estrous cycle or on Day 10, 12, 14, 16, 18, or 20 of pregnancy. On Days 10-16 after mating, uteri were flushed with 20 ml of sterile saline, and pregnancy was confirmed by the recovery of a morphologically normal conceptus. Sections (approximately 0.5 cm) from the midportion of each uterine horn ipsilateral to the corpus luteum were fixed in fresh 4% paraformaldehyde (prepared in PBS [pH 7.2]) for 24 h and then in 70% ethanol for 24 h, were dehydrated through a graded series of alcohol to xylene, and were embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). The remaining endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Experiment 2. At estrus (Day 0), ewes were mated to a fertile ram; on Day 13, 14, 15, or 16 of pregnancy (n ! 5 ewes/day), their uteri were flushed with 20 ml of sterile 10 mM Tris buffer (pH 7.0), and conceptuses were recovered from the uterine flushing. On Day 18 of pregnancy, ewes were hysterectomized (n ¼ 5 ewes/day), and conceptuses were physically separated from uterine tissues, fixed in fresh 4% paraformaldehyde, and then embedded in ParaplastPlus as described for experiment 1.
Experiment 3. Cyclic ewes (n ¼ 20) were ovariectomized and fitted with intrauterine catheters on Day 5 after estrus as described previously [34] . Ewes were assigned randomly (n ¼ 5 ewes/treatment) to receive daily i.m. injections of P4 (Sigma-Aldrich, St. Louis, MO) or P4 plus mifepristone (RU486; SigmaAldrich), a P4 receptor and glucocorticoid receptor antagonist, and intrauterine infusions of control serum proteins (CX) or recombinant ovine IFNT (IFNT) as follows: 1) 50 mg of P4 (Days 5-15) and 200 lg of CX (Days 11-15; P4þCX); 2) P4 and 75 mg of RU486 (Days 11-15) and CX proteins (P4þRUþCX); 3) P4 and IFNT (2 3 10 7 antiviral U, Days 11-15; P4þIFN); or 4) P4, RU486, and IFNT (P4þRUþIFN). The IFNT was prepared in a yeast expression system and was assayed for antiviral activity as described previously [35] . The CX and IFNT were prepared for intrauterine injections as described previously [34] . All ewes were hysterectomized on Day 16 after estrus, and uterine endometria were processed as described for experiment 1.
RNA Isolation
Total cellular RNA was isolated from endometrium of the uterine horn ipsilateral to the corpus luteum (experiment 1) using Trizol reagent (Gibco-BRL, Gaithersburg, MD) according to the manufacturer's recommendations and was stored at À808C. The quantity and quality of total RNA were determined by spectrometry and by denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Ovine Endometrial FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, TSC2, RHEB, and EIF4EBP1
Partial cDNAs for ovine FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, TSC2, RHEB, and EIF4EBP1 were amplified by RT-PCR using total RNA from endometria collected from uteri of ewes hysterectomized on Day 20 of pregnancy. The primer designs are given in Table 1 . The PCR amplification was as follows: 1) 958C for 2 min; 2) 958C for 30 sec, 508C for 45 sec, and 728C for 1 min for 35 cycles; and 3) 728C for 7 min. Partial ovine cDNAs of the sizes given in Table 1 were cloned into pCRII using a T/A Cloning Kit (Invitrogen, San Diego, CA), and their sequences were verified using an ABI PRISM Dye Terminator Cycle Sequencing Kit and an ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems, Norwalk, CT).
In Situ Hybridization Analyses
Cell-specific localization of mRNAs in sections (5 lm) of ovine uteri was determined by radioactive in situ hybridization analyses as described previously [36] . Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with an [a- 35 S]-uridine triphosphate-radiolabeled antisense or sense cRNA probe. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak, New Haven, CT) and were exposed at 48C for 1-4 wk. Slides were developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher Scientific, Pittsburg, PA), dehydrated through a graded series of alcohol
The mTOR complexes include mTORC1 and mTORC2. mTORC1 comprises FRAP1, LST8, and RAPTOR, and its known effectors include EIF4EBP1 and RPS6KB1. mTORC2 comprises FRAP1, LST8, RICTOR, and MAPKAP1, and its known effector is AKT. Under the control of the upstream regulators, the TSC1/TSC2 complex (which has GTPaseactivating properties) regulates conversion between GTP and guanosine diphosphate (GDP) and, therefore, the activity of RHEB. RHEB-GTP activates FRAP1 in mTORC1 (and possibly mTORC2).
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to xylene, and coverslips affixed with Permount (Fisher Scientific). Images of representative fields were recorded under brightfield and darkfield illumination using an Eclipse 1000 photomicroscope (Nikon Instruments Inc., Natick, MA) fitted with a Nikon DXM1200 digital camera.
In experiment 3, the relative abundance of RHEB and EIF4EBP1 mRNAs in luminal epithelia (LE)/superficial GE (sGE) and GE was measured as optical density using the public domain imaging program ImageJ developed at the National Institutes of Health and available on the Internet (URL: http://rsb.info. nih.gov/nih-image). Briefly, at least six representative areas of uterine endometrium from each ewe were photographed in darkfield illumination, and the photographs were saved as TIFF (tagged information file format) files. The background density in the original photograph was filtered by median filter, followed by conversion to account for background density using binary function. Using the Image Calculator command in ImageJ, a new photograph was created by combining the original and converted photographs. After setting the threshold, the optical density of hybridization signals was measured, and data were analyzed statistically.
Immunohistochemical Analyses
Immunohistochemical localization of total FRAP1, Ser2448 phosphorylated FRAP1(p-FRAP1), RHEB, and RICTOR proteins in ovine uteri and conceptuses was performed as described previously [37] in tissue sections from experiments 1 through 3 with the following at final concentrations of 1, 1, 2, and 2 lg/ml, respectively: 1) rabbit anti-human/mouse/rat FRAP1 IgG (catalog No. AB1537; R&D Systems, Minneapolis, MN), 2) rabbit anti-human phosphorylated FRAP1 (Ser2448) IgG (catalog No. AF1665; R&D Systems), 3) rabbit anti-human RHEB IgG (catalog No. LS-B543; Lifespan Biosciences, Seattle, WA), and 4) rabbit anti-human RICTOR IgG (catalog No. AP7259a; Abgent, San Diego, CA). Antigen retrieval was performed using boiling sodium citrate buffer (0.01 M [pH 6.0]), and purified rabbit IgG was used as a negative control to replace the primary antibody at the same final concentration. Immunoreactive protein was visualized in sections using the VECTASTAIN ABC Kit (catalog No. PK-6101 for rabbit IgG; Vector Laboratories Inc., Burlingame, CA) according to kit instructions and using 3,3 0 -diaminobenzidine tetrahydrochloride (catalog No. D5637; Sigma-Aldrich) as the color substrate. Sections were not counterstained before affixing coverslips.
Statistical Analysis
All quantitative data were subjected to least squares regression ANOVA using the general linear models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Orthogonal contrasts were used to determine main effects of treatment. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. P 0.05 was considered significant. Data are presented as least squares mean 6 SEM.
RESULTS
Effects of Day of the Estrous Cycle and Pregnancy on TSC1
and TSC2 mRNAs in Ovine Endometria and Conceptuses (Experiments 1 and 2) TSC1 ( Fig. 2A) and TSC2 (Fig. 2B ) mRNAs were detectable in very low abundance in uterine LE/sGE, GE, and stromal cells of cyclic and pregnant ewes. TSC1 and TSC2 were detectable in very low abundance in trophectoderm and endoderm of conceptuses from Days 13 to 18 of pregnancy (Fig. 2) .
Effects of Day of the Estrous Cycle and Early Pregnancy on RHEB and FRAP1 mRNAs in Ovine Endometria and Conceptuses
RHEB mRNA was localized to uterine LE/sGE and GE in cyclic and pregnant ewes but was most abundant on Day 12 of the estrous cycle and between Days 12 and 18 of pregnancy. RHEB mRNA was particularly abundant in trophectoderm and endoderm of conceptuses between Days 13 and 16 of pregnancy (Fig. 3A) . In situ hybridization revealed that FRAP1 mRNA was detectable at very low levels in uterine endometria from cyclic and pregnant ewes, as well as trophectoderm and endoderm of conceptuses until Days 16 and 18 of pregnancy (Fig. 3B) . FRAP1 mRNA levels in uterine endometria and conceptuses were unaffected by pregnancy status, day of the estrous cycle, or pregnancy.
Effects of Day of the Estrous Cycle and Pregnancy on LST8 and MAPKAP1 mRNAs in Ovine Endometria and Conceptuses (Experiments 1 and 2)
In situ hybridization analyses detected LST8 (Fig. 4A) and MAPKAP1 (Fig. 4B ) mRNAs in uterine LE/sGE, GE, and stromal cells of cyclic and pregnant ewes and in trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy. The abundance of endometrial LST8 mRNA did not change between Days 10 and 16 of the cycle. In pregnant ewes, LST8 mRNA levels seemed slightly higher between Days 14 and 18. MAPKAP1 mRNA was detected in LE/sGE, GE, and stromal cells on all days of the estrous cycle and pregnancy but seemed to be most abundant in those cells on Days 12 and 16 of the estrous cycle and on Days 14-20 of pregnancy. In conceptuses, mRNAs for LST8 and MAPKAP1 were detectable in trophectoderm and endoderm on all days of pregnancy studied.
Effects of Day of the Estrous Cycle and Pregnancy on RAPTOR and RICTOR mRNAs in Ovine Endometria and Conceptuses (Experiments 1 and 2)
RAPTOR mRNA was detected in uterine LE/sGE, GE, and stromal cells of cyclic and pregnant ewes on all days but seemed slightly more abundant on Day 16 of the estrous cycle and on Day 18 of pregnancy (Fig. 5A) . In conceptuses, RAPTOR mRNA was detected in trophectoderm and endoderm and was most abundant on Days 13, 14, and 18 of pregnancy. RICTOR mRNA was detectable in uterine LE/sGE, GE, and stromal cells of cyclic ewes on all days studied but was more abundant in GE between Days 14 and 20 of pregnancy 
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( Fig. 5B) . RICTOR mRNA was essentially undetectable in trophectoderm and endoderm of conceptuses from Days 13 to 18 of pregnancy.
Effects of Day of the Estrous Cycle and Pregnancy on EIF4EBP1 mRNA in Ovine Endometria and Conceptuses (Experiments 1 and 2)
EIF4EBP1 mRNA was localized to uterine LE/sGE and GE in cyclic and pregnant ewes (Fig. 6) . It seemed equally abundant in these cells between Days 10 and 16 of the estrous cycle and most abundant in pregnant ewes on Days 18 and 20 of pregnancy. EIF4EBP1 mRNA was detected in trophectoderm and endoderm of conceptuses from Day 13 but was barely detectable on all other days of pregnancy studied.
Effects of Day of the Estrous Cycle and Early Pregnancy on FRAP1 Protein in Ovine Endometria and Conceptuses
Immunoreactive FRAP1 protein was detected primarily in the cytoplasm of uterine LE/sGE, GE, and (to a lesser extent) stromal cells from cyclic and pregnant ewes (Fig. 7A) . In cyclic ewes, FRAP1 protein was most abundant on Days 10 and 12 and then decreased to Day 16, whereas abundance was unchanged in LE/sGE and GE between Days 10 and 20 of pregnancy. In conceptuses, FRAP1 protein was very abundant in the cytoplasm and, to a lesser extent, in nuclei of trophectoderm and endoderm between Days 13 and 18 of pregnancy.
Immunoreactive p-FRAP1 protein was detectable in low abundance in LE/sGE and GE of uteri from cyclic and pregnant ewes but was very abundant in trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy (Fig. 7B) . In endometrial cells, as well as trophectoderm and endoderm of conceptuses, p-FRAP1 protein was most abundant in nuclei of cells.
Effects of Day of the Estrous Cycle and Early Pregnancy on RHEB and RICTOR Proteins in Ovine Endometria and Conceptuses
Immunoreactive RHEB protein was detected in the cytoplasm and nuclei of uterine LE/sGE, GE, and (to a lesser extent) stromal cells from cyclic and pregnant ewes (Fig. 8A) . In cyclic ewes, RHEB protein was most abundant on Days 10 and 16, particularly in uterine LE/sGE. In pregnant ewes, RHEB protein in LE/sGE and GE was most abundant between Days 14 and 20. In conceptuses, RHEB protein was very abundant in the cytoplasm and nuclei of trophectoderm and endoderm between Days 13 and 18 of pregnancy but was more abundant in nuclei.
Immunoreactive RICTOR protein was detected in very low abundance in LE/sGE, GE, and stromal cells of uteri from cyclic and pregnant ewes (Fig. 8B) . In conceptuses, RICTOR protein was readily detectable in the cytoplasm and nuclei of trophectoderm and endoderm between Days 13 and 18 of pregnancy and seemed to be more abundant in nuclei of these cells.
P4 Induced and IFNT Stimulated RHEB mRNA and Protein Expression in Ovine Uterine Endometria (Experiment 3)
Expression of RHEB and EIF4EBP1 was most abundant during the period of pregnancy recognition and IFNT secretion in ewes; therefore, effects of P4 and IFNT on their expression were determined. In situ hybridization analyses revealed expression of RHEB mRNA mainly in LE/sGE and GE (Fig.  9A ). Its abundance increased 1.3-fold in response to P4 in LE/ sGE (Fig. 9B ) and in GE (P , 0.05, P4þCX vs. P4þRUþCX [ Fig. 9C]) and an additional 1.2-fold in response to IFNT (P , 0.05, P4þCX vs. P4þIFNT [Fig. 9, B and C] ). The stimulatory effects of P4 and IFNT were reduced by treatment with the P4 receptor antagonist RU486 (P ¼ 0.5, P4þRUþCX vs. P4þRUþIFNT). Immunohistochemical analysis revealed that P4 and IFNT also enhance RHEB protein abundance in LE/ FIG. 7. Immunohistochemical localization of FRAP1 and p-FRAP1 proteins in uteri of cyclic (C) and pregnant (P) ewes and conceptuses. A) Immunoreactive FRAP1 protein was detected in the cytoplasm and nuclei of uterine LE/sGE, GE, and stroma in cyclic and pregnant ewes and in trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy. B) Immunoreactive p-FRAP1 protein was detected in the cytoplasm and nuclei of uterine LE/sGE, GE, and stroma from cyclic and pregnant ewes and in conceptuses from Days 13 to 18 of pregnancy. En, endoderm; S, stroma; Tr, trophectoderm; bar ¼ 10 lm.
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sGE and GE (Fig. 9D) . These results indicated that expression of RHEB mRNA was induced by P4 and was further stimulated by IFNT.
P4 and IFNT Stimulated EIF4EBP1 mRNA Expression in Ovine Uterine Endometria (Experiment 3)
In situ hybridization analysis detected EIF4EBP1 mRNA in LE/sGE and GE of ewes in all treatment groups (Fig. 10A) ; however, its abundance increased 1.7-and 1.8-fold in response to P4 in LE/sGE (Fig. 10B) and GE (Fig. 10C) , respectively (P , 0.05, P4þCX vs. P4þRUþCX). IFNT tended to increase EIF4EBP1 mRNA (1.2-fold) in LE/sGE and in GE (P , 0.1, P4þCX vs. P4þIFNT [ Fig. 10, B and C]), and stimulatory effects of P4 and IFNT tended to be inhibited by RU486 (P ¼ 0.9, P4þRUþCX vs. P4þRUþIFNT). These results indicated that EIF4EBP1 expression was stimulated primarily by P4.
DISCUSSION
To our knowledge, the present results are the first to demonstrate temporal and cell-specific expression of FRAP1 in sheep, as well as LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, TSC2, RHEB, and EIF4EBP1 as components of the mTOR complex for any species. Furthermore, results of this study showed stimulation of expression of RHEB mRNA by P4 and of IFNT and EIF4EBP1 mRNA by P4. These novel findings extend our knowledge of cells expressing mTORC1 and mTORC2 components and confirm effects of IFNT on uterine gene expression independent of its actions as the pregnancy recognition signal in ruminants.
The mTORC1 complex integrates extracellular and intracellular factors to control cell growth and development by phosphorylating target proteins and elements in the mRNA translation apparatus, including RPS6KB1 (ribosomal protein S6 kinase, 70 kDa, polypeptide 1 [formerly known as p70s6k]) 96 and EIF4EBP1 [6] . The effect is to increase mRNA translation [6] , induce ribosome biogenesis, and inhibit autophagy [7] . In the typical mTOR cell signaling pathway, TSC1 and TSC2 form a heterodimer to inhibit mTORC1 [8] , which functions as a glutamyl transpeptidase (GTPase)-activating protein toward RHEB to stimulate mTORC1 activity [9, 10] . Phosphorylation of TSC2 by various upstream protein kinases such as AKT/ PRKB and MAPK3 ablates the inhibitory effects of TSC1/ TSC2 on mTORC1. In contrast, their functions with respect to mTORC2-mediated cell signaling have not been well investigated, except to demonstrate that mTORC2 phosphorylates AKT/PRKB-FOXO and PRKCA [5] . Results of studies in mice devoid of 4932417H02Rik (Raptor), Gbl (Lst8) [5] , 4921505C17Rik (Rictor) [5, 11] , Mapkap1 [12] , and Frap1 indicate that components of mTORC1 and mTORC2 are required for embryonic development, although the timing of formation of these functional complexes may differ [5] .
A novel and most important finding in this study is that expression of FRAP1, RAPTOR, and RICTOR proteins in the ovine uterus is not likely regulated at the transcriptional level, as expression of LST8 and MAPKAP1 was similar for all days of the estrous cycle and pregnancy studied, although the abundance of MAPKAP1 mRNA was greater in uteri of pregnant ewes between Days 15 and 20 of pregnancy. For example, endometrial FRAP1 mRNA was unaffected by day of the estrous cycle or pregnancy (Fig. 3B) , which is consistent with findings that FRAP1 mRNA levels do not vary during the cell cycle in tumor cells [38] . However, there were changes in the abundance of FRAP1 protein in uterine epithelia of cyclic and pregnant ewes. To date, the mechanisms by which FRAP1 translation is regulated are unknown. Notably, total FRAP1 protein was localized to uterine epithelia nuclei and cytoplasm and to conceptus trophectoderm and endoderm, whereas p-FRAP1 protein was most abundant in nuclei of those cells. Similarly, transition of p-FRAP1 protein from cytoplasmic to nuclear localization occurs in cell lines [39] , indicating that p-FRAP1 protein may exert effects at the nuclear level. It has been proposed that a subcellular compartment of cells is the site of critical functioning of mTOR complexes [40] , but this site has not been elucidated, and little is known about effects of spatial distribution on mTOR complex activities. LST8 and FRAP1 are common components of mTORC1 and mTORC2 cell signaling complexes, whereas GBL (murine LST8) is required to maintain the 4921505C17Rik (RICTOR)-FRAP1 association but not the 4932417H02Rik (RAPTOR)-FRAP1 complex in vivo [5] . In the present study, expression of LST8   FIG. 9 . Effect of P4 and IFNT on RHEB expression in ovine endometria. A) In situ hybridization revealed expression of RHEB in LE/sGE and GE of ewes. S, stroma; Tr, trophectoderm; En, endoderm. Bar ¼ 10 lm. B and C) Endometrial RHEB mRNA levels increased 1.3-fold in response to P4 in LE/sGE and in GE (P , 0.05, P4þCX vs. P4þRUþCX) and an additional 1.2-fold in response to both P4 and IFNT (P , 0.05, P4þCX vs. P4þIFNT). The differential stimulatory effects of P4 vs. P4þIFNT were not significant in ewes treated with the progesterone receptor antagonist RU486 (P ¼ 0.5, P4þRUþCX vs. P4þRUþIFNT). D) Immunohistochemical analysis revealed that P4 and IFNT enhanced RHEB protein abundance in LE/sGE and in GE. Treatments with different lowercase letters are significantly different (P , 0.05).
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and MAPKAP1 (another component in mTORC2) increased during early pregnancy, while expression of RICTOR and RAPTOR did not change appreciably until Day 16 and Day 18, respectively, of pregnancy. The abundance of RICTOR protein in uterine endometria did not change during early pregnancy (Fig. 8B) . Because of the lack of availability of an antibody for ovine RAPTOR, we were unable to determine differences in expression of RICTOR and RAPTOR for binding to FRAP1 [41] in ovine conceptuses and uteri as related to differential activities of mTORC1 and mTORC1. However, RAPTOR mRNA was more abundant than RICTOR mRNA in conceptuses (Fig. 5) . If their relative protein levels are consistent with their mRNA levels, mTORC1 may be more active than mTORC2 in nutrient-sensing pathways in peri-implantation ovine conceptuses. Therefore, results of the present study indicate the potential for differential functioning of mTORC1 (cell proliferation and gene expression) and mTORC2 (cell migration and cytoskeletal organization) in cells of the ovine uterus and conceptus, which require further exploration to elucidate the underlying mechanisms whereby FRAP1 signaling regulates conceptus development or uterine functioning.
Another novel finding in the present study is that P4 and IFNT increase expression of RHEB, as is the case for a unique array of genes in the ovine uterine endometrium that are considered critical to conceptus development and implantation [42, 43] . TSC1/TSC2 and RHEB are upstream regulators of FRAP1, but they have different effects on mTORC1 and mTORC2 activities [44] . TSC1 and TSC2 mRNAs were barely detectable in uteri from cyclic and pregnant ewes (Fig. 2, A and  B) , as was the case for FRAP1 mRNA expression. There was no evidence from the present study that these genes are regulated by P4 or IFNT at the transcriptional or posttranslational levels. Therefore, we hypothesize that RHEB may modulate effects of P4 and IFNT on FRAP1, as RHEB is the only known activator of FRAP1 and the mTOR complex [9, 10] . This hypothesis is supported by two lines of evidence. First, RHEB mRNA and protein levels are higher in LE/sGE and GE of pregnant ewes than cyclic ewes at Days 14-16 ( Figs. 3A and 8A) . Second, RHEB expression was most abundant in ewes treated with both P4 and IFNT (Fig. 9 , B and C). Regulation of expression of RHEB and the glucose transporter SLC2A1 by P4 and IFNT are similar [45] . Although expression of SLC2A1 is regulated by FRAP1 signaling in adipocytes [22, 23] , fibroblasts [46] , and tumor cells [23, 47] , this has not been demonstrated in uterine endometrial LE/sGE or GE. The convergence of components of the cell signaling pathways regulated by P4, IFNT, and FRAP1 may be critical for regulation of expression of RHEB mRNA and expression of other genes such as SLC2A1 that are critical to conceptus development.
To our knowledge, this is the first study to report that EIF4EBP1 expression increases in early pregnancy (Fig. 6) and is stimulated by P4 and IFNT (Fig. 10, B and C) . EIF4EBP1, a known effector of FRAP1 cell signaling [6] , acts to inhibit Cap-dependent mRNA translation [48] , which may allow P4 and (to a lesser extent) IFNT to differentially increase or inhibit transcription and translation of certain genes. The SLC2A1 glucose transporter may be a target of EIF4EBP1 in ovine uterine endometria, for example, because SLC2A1 expression is highest on Days 14 and 16 of pregnancy and then decreases to Day 20 of pregnancy [45] as EIF4EBP1 expression increases in uterine LE/sGE and GE. Furthermore, the PI3K/PKB/ FRAP1/EIF4EBP1 cascade regulates SLC2A1 mRNA translation in fibroblasts [46] , and IFNA and IFNG regulate FRAP1/ EIF4EBP1 mRNA expression by induction of two classic interferon-stimulated genes, Isg15 and Cxcl10 [49] .
Recent studies of mice devoid of Raptor (4932417H02Rik), Lst8 (Gbl) [5] , Rictor (4921505C17Rik) [5, 11] , and Mapkap1   FIG. 10 . Effects of P4 and IFNT on EIF4EBP1 expression in ovine endometria. A) In situ hybridization revealed expression of EIF4EBP1 in uterine LE/sGE and GE of all ewes. En, endoderm; S, stroma; Tr, trophectoderm; bar ¼ 10 lm. B and C) Endometrial EIF4EBP1 mRNA levels increased 1.7-and 1.8-fold in response to P4 alone in LE/sGE and GE, respectively (P , 0.05, P4þCX vs. P4þRUþCX). There was only a trend for IFNT to further increase (1.2-fold) EIF4EBP1 mRNA abundance in LE/sGE and GE (P , 0.1, P4þCX vs. P4þIFNT). The differential stimulatory effects of P4 and P4þIFNT were not significant in ewes treated with the progesterone receptor antagonist RU486 (P ¼ 0.3, P4þRUþCX vs. P4þRUþIFNT). Treatments with different lowercase letters are significantly different (P , 0.05).
98 [12] confirmed that mTORC1 and mTORC2 have distinct functions in early embryonic development. Consistent with those results, p-FRAP1 protein and FRAP1 mRNA abundance did not change in conceptuses between Days 13 and 18 of pregnancy (Figs. 3B and 7B) , despite the presence of RAPTOR mRNA in conceptuses and RICTOR mRNA primarily in uterine GE (Fig. 5) . Because of competition between RAPTOR and RICTOR for binding to FRAP1 [41] , the relative abundance of RAPTOR and RICTOR likely affects formation of mTORC1 and mTORC2 complexes and associated cell signaling. In addition, there was consistently strong expression of RHEB in peri-implantation conceptuses (Figs. 3A and 8A) . The availability of amino acids (e.g., arginine and leucine), as well as glucose, increases markedly in the ovine uterine lumen [50] and conceptuses [51] during early pregnancy, which may promote RHEB binding to FRAP1 [52] . Meanwhile, the inhibitor of initiation of protein translation (i.e., EIF4EBP1) is very low to undetectable in ovine peri-implantation conceptuses. Collectively, these changes in abundance of components of the FRAP1 cell signaling pathway may favor trophectoderm growth and conceptus development during the peri-implantation period in ruminants.
In summary, novel findings of this study are that expression of RHEB and EIF4EBP1 mRNAs is regulated by P4 and IFNT and by P4, respectively, to effect FRAP1-mediated cell signaling during early pregnancy. These results provide a framework for future studies to elucidate underlying mechanisms that regulate expression of genes for components of the mTORC1 and mTORC2 complexes, which elicit a myriad of cellular responses [53] . The expression of mTORC1 (cell proliferation and gene expression) or mTORC2 (cell migration, cell survival, and cytoskeletal organization) activities in conceptuses and uterine endometria likely mediates interactions between the uterus and conceptus that are required for growth and development during the peri-implantation period of pregnancy in response to a multitude of stimuli, including hormones, cytokines, and nutrients such as arginine and glucose.
